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The dynamics of the protozoan parasite Marteilia refringens was studied in Thau lagoon, an important French shellfish site, for 1 year in three potential hosts: the Mediterranean mussel Mytilus galloprovincialis (Mytiliidae), the grooved carpet shell Ruditapes decussatus (Veneriidae) and the copepod Paracartia grani (Acartiidae). Parasite DNA was detected by PCR in R. decussatus. In situ hybridisation showed necrotic cells of M. refringens in the digestive epithelia of some R. decussatus suggesting the non-involvement of this species in the parasite life cycle. In contrast, the detection of M. refringens in mussels using PCR appeared bimodal with two peaks in spring and autumn. Histological observations of PCR-positive mussels revealed the presence of different parasite stages including mature sporangia in spring and autumn. These results suggest that the parasite has two cycles per year in the Thau lagoon and that mussels release parasites into the water column during these two periods. Moreover, PCR detection of the parasite in the copepodid stages of P. grani between June and November supports the hypothesis of the transmission of the parasite from mussels to copepods and conversely. In situ hybridisation performed on copepodites showed labeling in some sections. Unusual M. refringens cells were observed in the digestive tract and the gonad from the third copepodid stage, suggesting that the parasite could infect a copepod by ingestion and be released through the gonad. This hypothesis is supported by the PCR detection of parasite DNA in copepod eggs from PCR-positive females, which suggests that eggs could contribute to the parasite spreading in the water and could allow overwintering of M. refringens. Finally, in order to understand the interactions between mussels and copepods, mussel retention efficiency (number of copepods retained by a mussel) was measured for all P. grani developmental stages. Results showed that all copepod stages could contribute to the transmission of the parasite, especially eggs and nauplii which were retained by up to 90%. 
Introduction
Marteilia refringens is a protozoan parasite responsible for marteiliosis, a major disease of economically important bivalves in Europe. This infection requires mandatory notification to the World Organization for Animal Health and the European Union. Marteilia refringens was first described in 1968 in the European flat oyster, Ostrea edulis, in Aber Wrach, Brittany (France) (Comps, 1970) , and has caused mass mortalities in this species (Alderman, 1979; Grizel, 1985 , Etudes des récentes épizooties de l'huître plate (Ostrea edulis) et leur impact sur l'ostréiculture bretonne. PhD Thesis, University of Montpellier 2, France). Since its discovery in O. edulis, several other commercial bivalve species have been found to be infected with the parasite including mussels Mytilus edulis (Comps et al., 1975) , Mytilus galloprovincialis (Comps and Joly, 1980 ) (Mytiliidae), clams, Ruditapes decussatus (Villalba, A., López, M.C., Carballal, M.J., 1993a . Parasites and pathologic conditions of three clam species, Ruditapes decussatus, Venerupis pullastra, and Venerupis rhomboides, in the Galician Rias, Actas IV Congreso Nac. Acuicult. Centro de Investigaciones Marinas, Pontevedra (Spain). 551-556.), Chamelea gallina (Veneriidae) and razor shells, Solen marginatus (Soleniidae) (López-Flores et al., 2008a, b) .
Infections with M. refringens have been recorded in many mollusc species in an area extending from the North Sea (Sweden) (OIE, 2010, report reference 8982, 25/01/2012, Sweden, http://www.oie.int/wahis_2/public%5C..%5Ctemp%5Creports/en_fup_0000008982_20100225_1 83643.pdf) and Atlantic coasts from the south of England to Morocco, including Brittany (France), Galicia and Andalusia (Spain) López-Flores et al., 2004; Novoa et al., 2005) . The parasite has also been detected in the Mediterranean basin at Catalunya (Spain) (Carrasco et al., 2007a, b) , Tunisia (Elgharsalli et al., 2013) , Croatia (Zrnčić et al., 2001) , Italy (the Adriatic and Campanian coast) (Tieri et al., 2006; Carella et al., 2010) , Albania (Pëllumb et al., 2006) , Greece (Virvilis et al., 2003; Karagiannis and Angelidis, 2007) and Turkey (I. Arzul, Personal Comunication).
Previous experimental transmission studies consisting of either inoculating M. refringens cells directly into molluscs or associating infected with non-infected molluscs have failed, suggesting that an intermediate host might be required in the life cycle (Berthe et al., 1998) . More recently, this assumption was supported by detection of the parasite in the ovary of the copepod Paracartia grani in the "Claire" ponds of Marennes-Oléron (France) (Audemard et al., 2002) . In this confined shallow system, the infection of flat oysters, Ostrea edulis, with M. refringens is observed from June to August, when temperatures are greater than 17°C and the maximum abundance of P. grani ) is recorded. When considering the currently available information, the correlation between the distributions of M. refringens and P. grani in Europe strengthens the hypothesis of the involvement of the copepod in the parasite life cycle (Boyer, 2012 , Ecologie du Copépode Calanoïde Paracartia grani. Implication dans le cycle de vie du parasite Marteilia refringens dans la lagune de Thau. PhD Thesis, University of Montpellier 2. France). However, subsequent studies have shown that other zooplankton species might also play a role in the transmission of M. refringens. Indeed, the parasite has been detected by PCR in several copepod species including Euterpina acutifrons, Oithona sp., Acartia clausi, Acartia discaudata, Acartia italica, and the brachyuran zoea of decapods (Carrasco et al., 2007a, b) . Consistent PCR detections of the parasite were also reported in the cnidarian Cereus pendunculatus (Audemard et al., 2002) .
Thau lagoon contributes approximately 70% of the French Mediterranean production of shellfish with 8,200 and 3,500 tons of oysters (Crassostrea gigas) and mussels (My. galloprovincialis) produced per year, respectively (Gervasoni, E., Perignon, A., Sourisseau, E., Rey-Valette, H., Lagarde, F., Pérez, J., Yimam, E., Feldman, N., 2011 (Comps, 1979, cited earlier; Zrnčić et al., 2001) . Furthermore, some zooplanktonic species reported as potential intermediate hosts in Marteilia life cycles are recorded in Thau lagoon, especially the copepod P. grani (Boyer et al., 2012) .
In Thau lagoon, as in many semi-enclosed areas such as estuaries, harbours, bays and lagoons, copepods of the Acartiidae dominate the mesozooplankton community (Mathias and Euzet, 1962; Lam Hoai, 1985) . Paracartia grani was first recorded in Thau lagoon in 1998 (Boyer et al., 2012) . Nowadays, it occurs in the water column from the end of April to January and in the sediment as diapause eggs during the rest of the year . Despite several studies performed on the involvement of zooplankton in the life cycle of M. refringens (Audemard et al, 2002; Carrasco et al., 2007a, b) , some questions remain unresolved. Indeed, as the parasite has previously been observed in the gonads of adults females of P. grani, we speculate whether P. grani females can transmit marteiliosis to their offspring. Moreover, until now, the presence of M. refringens has only been confirmed in adult or pre-adult P. grani which are large organisms (>700 µm).
In the present study, we monitored, using PCR, the presence of the parasite for 1 year in Thau lagoon in all P. grani copepodite stages and in two bivalve species: the Mediterranean mussel, My. galloprovincialis, and the grooved carpet clam, R. decussatus. The aim of the study was to describe, using histology and in situ hybridization (ISH), the contribution of these three potential hosts to the life cycle of M. refringens. Furthermore, considering that the parasite has previously been detected in the ovarian tissue of P. grani, we explored whether eggs produced by PCRpositive females could be infected with M. refringens. Lastly, the retention efficiency of mussels for all P. grani developmental stages (from eggs to adults) was measured experimentally to better understand interactions between copepods and bivalves in the M. refringens life cycle. Results obtained from both field and experimental works provide new evidence of the contribution of P. grani to the life cycle of M. refringens .
Materials and methods

Zooplankton and bivalve sampling
In 2010, mesozooplankton was collected twice each month close to the Sète channel in Thau lagoon (43°25 N; 03°40 E) (Southern France) (Fig. 1) . A WP2 plankton net with a 200 µm mesh size was used to collect mesozooplankton in three horizontal hauls in the inner surface water (maximum 1 m depth). The first sample was fixed with buffered formaldehyde at a final concentration of 4% and used to determine the contribution of P. grani to total mesozooplankton abundance. The second sample was placed in insulated containers and brought back to the laboratory within 1 h of collection to conduct experiments of egg production. The third sample was divided into two subsamples; one was fixed in 95% ethanol and the second in Davidson"s fixative for 24 h and then in 70% ethanol for PCR and histological analyses respectively. Based on their abundance in the water column, between 20 and 50 individuals per developmental stage of P. grani were collected in 95% ethanol to perform PCR detections. Stages CI and CII of species of Acartiidae were not differentiated because the morphology of these two stages is very similar in P. grani and Acartia clausi, both recorded at the monitoring site. Samples collected in June, October, November and December were pooled for each month because P. grani abundance was low at these dates.
Thirty individuals of My. galloprovincialis and R. decussatus were collected monthly by diving at the study site over 1 year (Fig. 1) . A part of the digestive gland of each organism was fixed in 95% ethanol for molecular analyses and a portion of the animal was fixed in Davidson"s fixative for 24 h and then in 70% ethanol for histological or ISH analyses.
DNA extraction and PCR detection of M. refringens in copepods and bivalves
DNA was extracted from pools of P. grani copepodites and from the digestive gland of bivalves. Total DNA was extracted with DNAzol ® reagent, according to the manufacturer"s protocol (Invitrogen™, U.S.A) and eluted in 20 µl of 8 mM NaOH.
All samples were first tested by PCR using eukaryotic "universal" primers to check the absence of PCR inhibitors according to Le Roux et al. (1999) . Two PCR assays were then used to specifically detect M. refringens: the first assay amplified 412 bp from the internal transcribed spacer-1 (ITS-1) of the parasite genome . The second assay consisted of a nested PCR targeting the rDNA intergenic spacer sequence (IGS) according to López-Flores et al. (2004) and has previously been shown to be more sensitive (Carrasco et al., 2007a) .
DNA suspensions from mussels were tested using an ITS-1 assay. Considering the faint amplification observed when testing R. decussatus DNA suspensions with the ITS-1 assay, the presence of M. refringens DNA in R. decussatus was checked using the nested PCR assay. Finally, both PCR assays were used to test P. grani DNA samples. Negative PCR controls consisting of DNA-free water were included in order to check potential contamination. Positive PCR controls corresponding to DNA extracted from copepods and mussels previously found infected with M. refringens were included in each PCR test.
In order to confirm the specificity of PCR products obtained by nested PCR for R. decussatus and P. grani copepodites, some of these PCR products were selected for direct sequencing.
Sequences obtained were compared with those included in GenBank using the BLAST algorithm (Altschul et al., 1990 ).
Egg production (EP) experiments and detection of M. refringens in P. grani eggs
Paracartia grani egg production (EP) experiments were conducted to determine whether M. refringens could be transmitted from adult females to their eggs. In the laboratory, five EP experiments were performed between September and November. Indeed, a previous study has shown that during this period, P. grani females were PCR-positive for M. refringens in the lagoon (Boyer, 2012 , PhD thesis, cited earlier). The physiological state of the female (ovigerous versus non-ovigerous) was determined under a binocular microscope. For each EP experiment, 20 to 100 females of P. grani were selected and incubated together for 24 h in a 1 L beaker filled with filtered (0.45 µm) lagoon water (FLW). The beaker contained a Plexiglas insert with a 200 µm mesh false bottom to separate eggs from females and to avoid cannibalism. The next day, females and eggs were fixed in 95% ethanol for further analyses. Eggs were sieved on a 40 µm mesh sized sieve and rinsed quickly in FLW prior to being fixed in 95% ethanol. Pools of females were analyzed together for each experiment by PCR targeting the ITS-1 and inter generic spacer IGS.
Eggs obtained from P. grani females found positive by ITS-1 and/or IGS PCR were selected for further analyses. PCR assays were performed directly on pools of 30 eggs without previous DNA extraction, according to a protocol adapted from Lindeque et al. (2013) . Following an incubation in 10 µl of DNA-free water for 4 to 6 h at room temperature, 20 µl of 5X GoTAQ® DNA polymerase buffer (Promega, U.S.A.) were added to each pool of eggs. Samples were then sonicated to crush the chorion and incubated overnight at 4°C. The next day, each sample was divided into two equivalent parts to perform ITS-1 and IGS PCR. The remaining PCR components were then added: 27.75 µl of DNA-free water, 5 µl of 5X GoTAQ® DNA polymerase buffer (Promega, U.S.A), 1 µl of 10 mM dNTPs (Promega, U.S.A), 0.5 µl of 50 µM of each primer and 1.25 U GoTAQ® DNA polymerase (Promega, U.S.A). Amplifications were then carried out according to Le Roux et al. (2001) and López-Flores et al. (2004) . A preliminary assay using eukaryotic "universal" primers was also run to check the absence of PCR inhibitors according to Le Roux et al. (1999) . PCR products obtained by nested PCR were selected for direct sequencing.
Histological description of M. refringens in My. galloprovincialis
ITS-1 PCR-positive mussels were selected for histological examination. Samples were dehydrated and embedded in paraffin wax. Paraffin blocks were cut at 3 µm and stained with H & E. The presence of young and mature stages of M. refringens were noticed and located in the different tissues. All of the digestive tissues present on the sections were screened to determine the number of mussels with mature stages (sporangia).
In situ hybridization (ISH) analyses of P. grani and R. decussatus
Paracartia grani stages and R. decussatus samples found to be PCR-positive were tested by ISH with a probe targeting 18S rDNA (probe Smart2) according to a protocol adapted from Le Roux et al. (1999) . Five µm thick tissue sections on silane-prep™ slides (Sigma, France) were dewaxed, rehydrated and treated with proteinase K (100 µg mL -1 in TE buffer [Tris 50 mM, EDTA 10 mM, NaCl 10 mM]) at 37°C for 10 min. Slides were dehydrated by immersion in an ethanol series and air-dried. Sections were then incubated with 100 µL of hybridization buffer (50% formamide, 1X dextran sulfate, 4× SSC [0.06 M Na 3 Citrate, 0.6 M NaCl, pH 7], 250 µg mL -1 yeast tRNA and 10% Denhardt"s solution) containing 10 ng µL -1 of the digoxigenin-labelled probe. Targeted DNA and digoxigenin-labelled probes were denatured at 95 °C for 5 min and the hybridization was carried out overnight at 42 °C. Sections were washed in 2× saline-sodium citrate (SSC) at room temperature (2×5 min), in 0.4× SSC at 42 °C (10 min) and in solution I (100 mM maleic acid, 0.15 M NaCl, pH 7.5) for 5 min. Tissues were then blocked for 30 min at room temperature with blocking reagent (Roche, Germany) (1% w/v) in solution I. Specifically bound probe was detected using an alkaline phosphatase-conjugated mouse IgG antibody against digoxigenin diluted at 1.5 U mL -1 in solution I blocking reagent (1 h, room temperature). Excess antibody was removed by two washes in solution I (1 min) and one wash in solution II (0.1 M Tris pH 8, 0.1 M NaCl, 0.05 M MgCl 2 , pH 9.5). Slides were incubated in NBT/BCIP, a chromogenic substrate for alkaline phosphatase, diluted in solution II (20 µL mL -1 ) in the dark until the parasitic cells were completely stained black-purple. The reaction was stopped with solution III (100 mM Tris, 1 mM EDTA, pH 8). Slides were counterstained for 1 min with Bismarck brown yellow (5 g L -1 in ethanol 30%), dehydrated with ethanol and mounted in Eukitt resin. Negative controls included samples without digoxigenin-labeled probe in hybridization mixture. Positive control consisted in sections from flat oysters O. edulis infected with M. refringens originating from Leucate (France).
Measurement of the retention efficiency of mussels on the developmental stages of P. grani
Developmental stages of P. grani (from eggs to adults) obtained from experimental cultures were used to estimate the retention efficiency of My. edulis on P. grani. Eggs from laboratory cultures were placed in 5 L of 0.2 µm filtered sea water (FSW) at 19 ± 2°C, salinity 35 ± 1 and with a 12 h dark:12 h light photoperiod. Copepods were fed daily to saturation (based on the water color) with Rhodomonas baltica. To determine the size spectra of stages of P. grani retained by mussels, seven groups of P. grani were constituted depending on the length of the organisms: eggs, third and fourth naupliar stages (NIII-NIV), fifth and sixth naupliar stages (NV-NVI), first and second copepodid stages (CI-CII), third and fourth copepodid stages (CIII-CIV), fifth copepodid stage (CV) and sixth copepodid stage (adults; CVI). The quantity of nauplii used in each experiment was close to the maximum occurrence of acartiid nauplii observed in Thau lagoon. The number of copepodites for each experiment was 10 times higher than their maximum in situ abundance recorded in Thau lagoon (Boyer, 2012, PhD thesis, cited earlier) . Each group, consisting of either 100 eggs, 18 nauplii or 22 copepodites, was placed for 1 h in 1 L of 0.2 µm FSW together with one mussel, My. edulis. The mussel was suspended on a net in the crystallizer to allow opening and a stream of water was simulated with a magnetic stirrer. Beforehand, mussels were taken out of the water for 1 h to enhance their filtration rate. The experiments were replicated (depending on the quantity of P. grani stages available): four times for eggs, NIII-NIV and NV-NVI groups, and nine times for all copepodid stages. At the end of each experiment, mussels were removed and the number of remaining P. grani counted. The retention efficiency (RE) was determined from the equation below: RE = (Ti-Tf/Ti) x 100
Where Ti and Tf are the initial and final numbers of P. grani respectively.
A non-parametric Kruskal-Wallis ANOVA was first applied to test differences in M. edulis retention efficiency according to the stage of P. grani studied. Then multiple comparison tests with post-hoc analyses were performed using the "pgirmess" package (Giraudoux, P., 2012, Package "pgirmess" in Data analysis in ecology. R package, version 1.5.4. Available at: http://cran.r-project.org/web/packages/pgirmess) in R (R Core Development Team, 2009, R: a language and environment for statistical computing version 2.12.1. Available at: http://www.rproject.org.) allowing testing for differences between groups.
Results
Detection of M. refringens in P. grani copepodites
Paracartia grani was present in the water column from the end of April (abundance < 1 individual m -3 ) to the end of January with a maximal contribution to the total mesozooplankton abundance in September ( Fig. 2A) . During its occurrence in the lagoon, at least one sample collected each month was PCR-positive for M. refringens, except in December. CV and adult females were the main stages which were PCR-positive (Fig. 2B) . Nevertheless, other copepodid stages including CI, CII, CIII, CIV females and CV males were also found positive by nested PCR in August and September when P. grani contribution to total mesozooplankton abundance was maximal (Fig. 2B) .
Location of M. refringens in P. grani
Positive labeling was observed in CIII, CV and adults females of P. grani by ISH (Fig. 2B) . Marteilia refringens was observed in CIII for the first time, in the alimentary canal (Fig. 3A) , the digestive epithelium (Fig. 3B) , and the germinal site (probably ovarian tissues) (Fig. 3C) . Cells showing different sizes (from 3 to 10 µm) presented specific labeling in digestive and gonadal tissue. ISH testing on stages found positive by PCR also showed the presence of the parasite in ovarian tissues in CV and adult females (results not presented). H & E staining of the CV stage showed two types of parasite cells invading the entire ovary ( Fig. 4A) : numerous tiny cells (1-3 µm) inside and around oocytes (Fig. 4B ) and larger Marteilia-like cells (15 µm) (Fig. 4C) . A section of non-infected ovarian tissue for a CV female is presented to highlight the normal form of oocytes (Fig. 4D) .
Detection of M. refringens in P. grani eggs
Of the five EP experiments performed between September and November, three showed PCRpositive females (7 th October, 3 rd and 18 th November) ( Table 1) . A total of 18 pools of 30 eggs (corresponding to a total of 540 eggs) in October and 13 and 22 pools of 30 eggs (corresponding to a total of 1,050 eggs) in November were tested by PCR. No amplification was observed using PCR targeting ITS-1 rDNA whereas two pools of 30 eggs in October were found positive for M. refringens by nested PCR (Table 1) . PCR products were sequenced in order to check that primers had adequately amplified the expected sequences. Three hundred and thirty-four nucleotides (nt) obtained sequences showed 99% of homology with M. refringens (GenBank accession numbers: EU854304, AM748040, AJ629366, AJ629361, AJ629360, AJ629358).
Frequency of detection of M. refringens in bivalves
PCR, using universal primers, yielded amplification in 96% and 99% of samples of M. galloprovincialis and R. decussatus respectively (results not shown). Only these mussel and clam samples were subsequently tested by specific PCR for the detection of the parasite. Nested PCR products (n = 4) of R. decussatus were sequenced in order to check that primers had adequately amplified the expected sequences. The 288 nt obtained sequences showed 100% of homology with M. refringens (GenBank accession numbers: AM504148, AM748037, AM504140, AJ629359). Marteilia refringens was detected all the year round in the digestive gland of My. galloprovincialis. The detection frequency of the parasite in this bivalve was bimodal. The first peak occurred in spring (April and May) with up to 50% detection and the second one in autumn (September and October) with up to 63% detection using PCR (Fig. 5A) . During winter and summer, detection frequencies were lower than 35%. Maximum rates of infection in mussels were recorded when temperatures ranged from 15.0 to 21.0 °C. For temperatures lower than 21°C, a significant positive relationship was observed with detection frequency (P < 0.01) whereas over the whole range of temperatures no significant relationship (P = 0.82) was evident.
The frequency of detection of M. refringens in R. decussatus was higher in February (48.3%), April (48.2%) and September (68.9%). The parasite was not detected in clams in July, August, November or December (Fig. 5B) . Maximum detection frequency was observed at different temperatures and no significant relationship was observed between temperature and the detection frequency even for temperatures lower than 21°C (P > 0.05).
Description of M. refringens in bivalves
In My. galloprovincialis, the intensity of infection was low from January to March and only young stages were observed, mainly in the stomach epithelium (Fig. 6A) . From April, primary stages were more numerous, some appeared to be located in the digestive gland and the first mature stages, sporangia, were also observed in 15% of mussels observed in April and May (n = 33) (Fig. 6B) . From June to August, few mussels were found positive by PCR and most of them showed young stages in the stomach epithelium (Fig. 6C) . In September and October, the parasite appeared more abundant in mussels, including young stages in the stomach and digestive gland epithelia. Thirteen percent of mussels observed during these 2 months (31 mussels analyzed) displayed infection with mature sporangia. Few sporangia were observed in the intestinal lumen indicating a release of M. refringens into the water column (Fig. 6D) . In November and December, most of the mussels showed young stages except for one in which mature sporangia were observed.
Fifty-eight R. decussatus found positive by nested PCR were tested by ISH. Unusual labeling of necrotic like cells was noticed in the digestive epithelium in four clams, two in June and two in September (Fig. 7) .
Retention efficiency experiments
All copepod stages were retained by My. edulis. However, differences were observed between the tested groups. Maximum copepod retention efficiencies of My. edulis, 90 and 89%, were observed for mussels in contact with eggs and nauplii respectively (Fig. 8) . Copepodid stages appeared to be less well retained than eggs and nauplii with retention efficiencies between 20% and 40%. A non-parametric Kruskal-Wallis ANOVA showed that differences between the different groups of stages filtered by My. edulis were significant (P < 0.01). Post-hoc analyses revealed that these differences were significant on one hand between eggs /CI-CII and eggs/ CVI, and on the other hand between nauplii /CI-CII and nauplii /CVI (P < 0.05).
Discussion
The present study investigated the presence and the dynamics of the protozoan M. refringens in different developmental stages of the copepod P. grani and two bivalve species, My. galloprovincialis and R. decussatus, in Thau lagoon, the most important site for shellfish production on the French Mediterranean coast.
Marteilia-like cells have previously been observed by histology in R. decussatus but the species of parasite was not determined (Villalba, A., López, M.C., Carballal, M.J., 1993a, cited earlier) . In the present case, M. refringens DNA was detected specifically by nested PCR in the digestive gland of R. decussatus continuously between January and June and then again in SeptemberOctober with detection frequencies ranging between 33 and 69%. Because it was the first detection of M. refringens in R. decussatus by nested PCR, direct sequencing of some PCR products was performed in order to confirm the specific amplification of M. refringens DNA in tested samples. Moreover, individuals detected positive by PCR were selected for ISH testing to determine the location of the parasite in clams. Positive labeling was observed in 7% of tested clams suggesting that ISH is less sensitive than nested PCR. A comparative study previously conducted in mussels, revealed higher sensitivity of classic PCR (65% of PCR-positive mussels) compared to smears/histology (20-25% of infected mussels) (Pernas et al., 2001) . Furthermore a second study performed comparing classic PCR and nested PCR showed that classic PCR is less sensitive than the latter (Carrasco et al., 2007a) . However, this discrepancy can also suggest that parasite DNA is present in some clams but that the parasite is damaged or just present in the clams" digestive tracts. Our observations showed that M. refringens was not present in its usual form but rather as necrotic cells located in the stomach epithelium which could indicate that the parasite does not develop in clams. The detection of M. refringens in a burrowing organism could indicate that the parasite is present in the sediment, but may also be indicative of a high parasite abundance in the environment.
Data related to the frequency of detection of M. refringens in My. galloprovincialis and available in the literature are quite variable depending on sites studied but generally appear lower than detection frequencies obtained in the present study. Indeed, the maximum prevalence observed in Alfacs Bay (Spain) (26.7%) (Carrasco et al., 2007b) or in Thermaikos Gulf (from 10 to 36%) (Karagiannis and Angelidis, 2007) are much lower than in Thau (63%). The seasonal pattern of the infection in mussels is also different between the sites studied. In Thau lagoon, the parasite and more specifically sporangial forms were mainly detected in April, May, September and October when temperatures ranged from 15.0 to 20.5°C. In Alfacs Bay, higher prevalences were observed in July, August and September with temperatures higher than 17°C but the presence of mature sporangia was also reported during winter, meaning that sporulation occurred at low temperatures (Carrasco et al., 2007b ). Similar results were described in Galicia where M. refringens sporulation occurred throughout the year with several peaks of prevalence (Villalba et al., 1993b) . The sporulation of the parasite at low temperatures is not well understood but sudden changes in temperature have been pointed to as a trigger of parasite activation (Carrasco et al., 2008a) . At our monitoring site, the detection frequency of M. refringens in mussels was bimodal with peaks in spring and autumn. Mature sporangia were only observed during these two seasons, suggesting that M. refringens may have two cycles per year with a potential period of transmission occurring from spring to autumn. The drastic decrease of prevalence observed between May and June could be due to the mortality of infected animals or to the elimination of the parasite by the mussel"s defense mechanisms (Robledo and Figueras, 1995) . Although no mortality was reported in mussels in Thau lagoon during the present study, M. refringens has previously been associated with significant mortality of My. galloprovincialis in Galicia or with negative effects on the reproduction of infected mussels (Villalba et al., 1993c; Camacho et al., 1997) . More specifically, the highest prevalence and heavy infections coincided with post-spawing periods (Villalba et al., 1993c) . In Thau lagoon, the breeding season of My. galloprovincialis occurs from March to June with a peak of spawning observed in April (Hamon, 1983, Croissance de la moule Mytilus galloprovincialis (Lmk) dans l'étang de Thau. Estimation des stocks de mollusques en France. PhD Thesis, University of Montpellier 2, France; Gagnery, 2003, Etude et modélisation de la dynamique des populations de bivalves en élevage (Crassostrea gigas et Mytilus galloprovincialis) dans le bassin de Thau (Méditerranée, France) et des ascidies solitaires associées. PhD Thesis, University of Montpellier 2, France) when a higher frequency of detection of M. refringens was observed. In June, environmental parameters (temperature > 17°C) appeared optimum to allow the transmission and the development of the disease in mussels; nonetheless, detection frequency was low and no mature sporangia were observed. The presence of only young parasite stages in infected mussels suggests that these mussels were newly infected or had released mature stages. The increase of temperature during summer might have also contributed to reduce clearance rate as has been shown previously (Anestis et al., 2010) and consequently reduced the assimilation of the potential vector of the disease.
All P. grani copepodid stages were found positive to M. refringens by PCR (except CIV male) and it is the first time that the protozoan was detected by PCR in P. grani males. While M. refringens was not detected by PCR in P. grani nauplii, two egg samples from the EP experiments yielded amplification by nested PCR. PCR products obtained were then confirmed to be specific to M. refringens by sequencing. Although PCR assays are useful tools for pathogen detection, they only detect pathogen DNA. Consequently, a PCR-positive signal does not indicate that the tested organism is infected unless it is confirmed by histological observation (Burreson, 2008) . However, testing zooplankton by ISH is quite challenging because of the size of the organisms (from 80 µm for eggs to 1500 µm for adults) and because of the lack of information regarding the prevalence of the parasite in the zooplanktonic community. Previous studies using ISH have demonstrated the presence of M. refringens in unidentified developmental copepodid stages of P. grani (probably CV) and adult females (Audemard et al., 2002; Carrasco et al., 2008b) . Our results show for the first time the presence of the parasite in earlier stages, more particularly in the gonad, digestive epithelium and alimentary canal of CIII. The presence of M. refringens cells in the digestive tract of the copepod also suggested that the parasite is ingested by the copepod and migrates to the gonadal tissues as it has previously been hypothesized (Carrasco et al., 2008b) . This hypothesis is strengthened by the presence of parasitic cells showing different size (from 3 to 10 µm) located in different tissues suggesting a multiplication of the parasite inside the copepod. The size of the parasite in copepod tissues was smaller than has previously been observed in bivalves but was similar to that observed by Carrasco et al. (2008b) . Although the detection of parasite DNA in eggs was not confirmed by ISH, results suggested that eggs could contribute (i) to spread the parasite especially because many eggs are produced by P. grani during the potential period of M. refringens transmission (up to 20.4 eggs f -1 d -1 in September) and (ii) to host the parasite during winter because P. grani produces eggs which undergo diapause from October to December in the lagoon . During diapause, eggs settle in the sediment during winter and are suspected to allow overwintering of the parasite (Audemard et al., 2002) .
The comparison of the dynamics of infection of M. refringens in My. galloprovincialis and P. grani from April to November provides interesting information concerning the life cycle of the parasite in Thau lagoon. First of all, the peak of detection frequency in springtime associated with the description of the first mature parasite stages in My. galloprovincialis occurred concurrently with the increase in P. grani abundance in the water column. Therefore, the release of mature sporangia occurred just before the first PCR detection of the parasite in P. grani, supporting the hypothesis of a transmission of the parasite from bivalves to P. grani. This hypothesis has previously been confirmed by experimental transmission studies (Audemard et al., 2002; Carrasco et al., 2008b) . The second peak of detection frequency in mussels was observed in September when P. grani was at peak abundance in the water column and when young developmental stages of P. grani were found positive using PCR and ISH. This detection frequency increase associated with the prevalence of more mature sporangia could be explained by both a development of the disease in mussels infected previously and an infection of naive mussels from infected copepods. Although the transmission of M. refringens from copepods to bivalves through ingestion has previously been hypothesized (Audemard et al., 2002; Carrasco et al., 2008b) , there are no data available to support this suggestion and mussels are generally known to be herbivorous and to filter particles smaller than copepods, from 4 to 35 µm (for My. edulis) (Strohmeier et al., 2012) . Nevertheless, a study performed in the Magdalen Islands lagoon (Canada) has demonstrated that large-sized heterotrophic ciliates (size from 20 to 90 µm) could also be assimilated by My. edulis (Trottet et al., 2008) . In our study, all copepodites stages (from 350 to 1500 µm size) were potentially retained by My. edulis with different efficiencies showing that all stages could be involved in the life cycle of M. refringens. Retention efficiency (85-90%) was significantly higher for eggs (80 µm size) and nauplii (100-300 µm size) (p<0.05) than for copepodid stages (<40%). Copepod concentrations used in these experiments were about 10 times higher than in situ and a small volume (1L) was used to maximize the probability of contact between copepods and mussels. We cannot be certain that the copepods retained by the mussels were assimilated by the mussel or released in the pseudofaeces (usuitable food expelled in musus without having passed through the digestive tract). Despite some limitations outlined above, results obtained from both field and experimental works provide new evidence for the contribution of P. grani to the life cycle of M. refringens. 
Figure legends
